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A Microvascular-Myocardial Diastolic Dysfunctional State
and Risk for Mental Stress Ischemia
A Revised Concept of Ischemia During Daily Life*Carl J. Pepine, MD,y John W. Petersen, MD, MS,y C. Noel Bairey Merz, MDz
Gainesville, Florida; and Los Angeles, CaliforniaTo improve our understanding of pathophysiological
responses to stress in “triggering” adverse events,
stressors have been used in the laboratory to evoke
“mental stress–induced ischemia” (MSIMI). Our
studies found that patients withMSIMI had increased
risk for death (1), and their hemodynamic and
neurohormonal changes differed from those observed
with exercise (2). Mental stress increased heart rate,
systolic blood pressure, cardiac output, and systemic
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vascular resistance, which correlated with plasma
epinephrine increases, whereas during exercise-
induced ischemia, systemic resistance declined,
with no relationship to epinephrine levels. Interest-
ingly, depression of left ventricular (LV) ejection
fraction (EF) was greater with MSIMI than with
exercise and was inversely correlated with systemic
resistance. Greater increases in epinephrine and
norepinephrine occurred during exercise, whereas
greater increases in systemic resistance occurred
with MSIMI. Thus, arteriolar constriction and mi-
nor increases in myocardial oxygen demand occur
with MSIMI compared with exercise as adrenal
epinephrine secretion mediates, in part, these dif-
ferent responses. Our ﬁndings provide a framework
for the underlying pathophysiological processes
involved in responses to mental stress.*Editorials published in JACC: Cardiovascular Imaging reﬂect the views of
the authors and do not necessarily represent the views of JACC: Cardio-
vascular Imaging or the American College of Cardiology.
From the yDivision of Cardiovascular Medicine, University of Florida,
Gainesville, Florida; and the zBarbra Streisand Women’s Heart Center,
Cedars-Sinai Medical Center, Los Angeles, California. The authors have
reported that they have no relationships relevant to the contents of this
paper to disclose.Hypothetical Mechanistic Construct
for Mental Stress Ischemia
The prevailing model suggests that MSIMI results
from coronary microcirculatory dysfunction (limited
dilation and/or constriction) in the setting of endo-
thelial and/or vascular smooth muscle dysfunction
(Fig. 1).Atherosclerosis risk conditions (hypertension,
dysglycemia, etc.), via oxidant stress and inﬂamma-
tion, and dysregulation of the central nervous system
and hypothalamic-pituitary-adrenal axis likely
contribute. The pathophysiological mechanisms of
MSIMI are also important in understanding daily-life
ischemia, elucidating linkswith adverse outcomes, and
providing direction for appropriate management.
In this issue, Ersbøll et al. (3) report that patients
with MSIMI have LV dysfunction in the absence
of the mental stress test. This ﬁnding suggests that
a more chronic form of asymptomatic ischemia is
present during their daily lives, extending concepts
of the “silent” ambulatory electrocardiographic and
LV perfusion abnormalities that we described several
decades ago (4,5).
Some Thoughts on the
Left Ventricular Dysfunction
Observed in Subjects With
Mental Stress–Induced Ischemia
It is suspected that stress over time leads to a
microvascular-myocardial diastolic dysfunctional
state. The pattern of LV dysfunction from micro-
vascular dysregulation is different from that observed
with obstructive epicardial coronary disease. The
latter initially leads to impaired regional LV relaxa-
tion reﬂected in global relaxation measures and later
impaired contraction. Our cardiac magnetic reso-
nance studies indicated that ischemia resulting from
Figure 1. Microvascular Ischemia Hypothesis With or Without Obstructive Atherosclerosis
The prevailing model suggests that mental stress ischemia results from coronary microcirculatory dysfunction (limited dilation and/or
constriction) in the setting of endothelial and/or vascular smooth muscle dysfunction. LV ¼ left ventricular.
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363microvascular dysregulation appears more diffuse
but limited to the subendocardium and midwall,
with less profound functional alterations.
LV diastolic dysfunction is prevalent in pa-
tients with endothelial dysfunction, related to
microvascular inﬂammation or dysregulation, and
this likely contributes to heart failure with preserved
EF (HFpEF) (6). Although patients with HFpEF
have relatively normal EFs, mild systolic dysfunc-
tion is not readily detectable with global EF. Pa-
rameters used to evaluate LV function in patients
with MSIMI and microvascular dysregulation may
require constructs derived from measures of diastolic
and systolic LV function.
Ersbøll et al. (3) used a composite LV function
score, the eas index (e0/a0  s0), which includes both
diastolic and systolic measures of mitral annular
longitudinal motion. This index incorporates in-
formation about systolic dysfunction with increased
preload (e0/s0) and increased LV stiffness (e0/a0), and
a high eas index indicates increased preload with
systolic dysfunction, diastolic dysfunction, or both
(7). Patients in the present study had MSIMI but
also had increased eas indexes at baseline without
the mental stressor, suggesting mild diastolic
dysfunction. With advanced diastolic dysfunction,
e0 would continue to decrease and may become out
of proportion to the decrease in a0 or s0, which could
lead to reduction in the eas index (8). Althoughconsideration of systolic and diastolic LV function
in MSIMI and microvascular dysregulation is
important, correlation of eas index with clinical
outcomes in patients with MSIMI with more severe
LV diastolic dysfunction remains warranted.
Importantly, the eas index evaluates both systolic
and diastolic longitudinal LV motion, a critical
aspect of efﬁcient contraction (9). Longitudinal
motion depends primarily on subendocardial ﬁber
contraction, and deﬁcits in longitudinal contraction
are an early marker of damage related to ischemia
and/or subendocardial ﬁbrosis in pressure overload
(10). Longitudinal contractility is reduced in pa-
tients with HFpEF (11). Longitudinal contractility
appears to be an appropriate measure of LV func-
tion in patients with MSIMI.
Considerations on Need
to Revise the Prevailing
Microvascular Ischemia Model
First, these patients had ischemia at other times in
response to a mental stressor, and their microvas-
culature and myocardium were likely “vulnerable”
to stressors in daily life. One such stressor may be
the baseline echocardiographic procedure per se.
Second, such vulnerable patients likely have similar
ischemia-related LV functional changes off and on or
persisting chronically. If proved, this would require a
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364revision of long-held concepts of chronic ischemic
heart disease whereby ischemic episodes are believed
to be of relatively brief duration (e.g., transient).
However, an exception is myocardial stunning,
for example, persisting long after catecholamine-
induced ischemic episodes (12). With the latter
process, LV dysfunction may require considerable
time to recover. Within the coronary microvascular
dysfunction framework, a revised concept of more or
less continuing ischemia-related LV alterations or
stunning would involve smaller, patchy areas of car-
diomyocyte dysfunction. This might also explain
stress-induced cardiomyopathy and HFpEF.
Third, it is likely that increased pulsatile LV
loading with mental stress affects LV function (13).
Increased arterial stiffness is an important deter-
minant of myocardial blood ﬂow and may alter
microvascular ﬂow, similar to an obstructive
epicardial coronary stenosis. As we have noted (14),
at any arterial pressure, subendocardial perfusion is
dependent on the ratio of time the left ventricle is in
diastole and cardiac cycle duration: diastolic pres-
sure time fraction (DPTF) (15,16). This represents
the duration without compression of intramural
microvessels during contraction critical for adequate
LV perfusion (17). Our study participants, with
symptoms or signs of ischemia without epicardial
coronary obstruction, had longer ejection durations
compared with a reference group. This prolonged
ejection duration decreased diastolic pressure time
and DPTF, indicating reduced subendocardial
blood supply. This adverse change, coupled with
the increase in LV afterload, causes a mismatch in
ventricular-vascular coupling and an imbalance in
the supply/demand ratio. This contention is sup-
ported by reduction in both DPTF/systolic pressuretime fraction and the myocardial viability ratio (14).
This scenario may result in ischemia at a lower
workload, even in individuals without obstructed
epicardial coronary arteries (15–18). In patients with
ischemic heart disease and nonobstructed coronary
arteries, DPTF is lower at rest and during exercise
compared with normal control subjects (18). Indeed,
a decrease in DPTF can have the same effect as an
increase in epicardial coronary stenosis. Further-
more, patients with ischemic heart disease without
obstructed coronary arteries often have endothelial
and/or microvascular dysfunction (19,20). These
dynamic loading changes are inﬂuenced by many
components of daily life, including mental stress.Opportunities for
Cardiovascular Imaging
The links between MSIMI and the course of cor-
onary microvascular and myocardial defects, over
time, are needed. To this end, Doppler echocar-
diographic perfusion studies with coronary micro-
vascular spasm have promise (21). Cardiac magnetic
resonance with gadolinium perfusion has yielded
considerable information. Finally, explorations of
underlying mechanisms, markers and mediators
reﬂecting nervous system activation, hormonal sta-
tus, endothelial and vascular smooth muscle func-
tion, and inﬂammation and myocardial inﬁltration
(scar, fat, and so on) would be helpful.
Reprint requests and correspondence: Dr. Carl J. Pepine,
University of Florida, Division of Cardiovascular Medi-
cine, 1600 SW Archer Road, PO Box 100277, Gaines-
ville, Florida 32610. E-mail: carl.pepine@medicine.uﬂ.edu.R E F E R E N C E S1. Sheps DS, McMahon RP, Becker L,
et al. Mental stress–induced ischemia
and all-cause mortality in patients with
coronary artery disease: results from
the Psychophysiological Investigations
of Myocardial Ischemia study. Circu-
lation 2002;105:1780–4.
2. Goldberg AD, Becker LC, Bonsall R,
et al., for the PIMI Investigators.
Ischemic, hemodynamic, and neuro-
hormonal responses to mental and
exercise stress experience from the
Psychophysiological Investigations of
Myocardial Ischemia Study (PIMI).
Circulation 1996;94:2402–9.
3. Ersbøll M, Al Enezi F, Samad Z,
et al. Impaired resting myocardial
annular velocities are independentlyassociated with mental stress–
induced ischemia in coronary heart
disease. J Am Coll Cardiol Img 2013;
7:351–61.
4. Schang SJ Jr., Pepine CJ. Transient
asymptomatic ST segment depression
during daily activity. Am J Cardiol
1977;39:396–402.
5. Rozanski A, Bairey CN, Krantz DS,
et al. Mental stress and the induction
of silent myocardial ischemia in pa-
tients with coronary artery disease.
N Engl J Med 1988;318:1005–12.
6. Paulus WJ, Tschöpe C. A novel para-
digm for heart failure with preserved
ejection fraction: comorbidities drive
myocardial dysfunction and remodelingthrough coronary microvascular endo-
thelial inﬂammation. JAmCollCardiol
2013;62:263–71.
7. MogelvangR, SogaardP, Pedersen SA,
et al. Cardiac dysfunction assessed by
echocardiographic tissue Doppler im-
aging is an independent predictor of
mortality in the general population.
Circulation 2009;119:2679–85.
8. NaguehSF,MiddletonKJ,KopelenHA,
Zoghbi WA, Quinones MA. Doppler
tissue imaging: a noninvasive technique
for evaluation of left ventricular relaxation
and estimation of ﬁlling pressures. J Am
Coll Cardiol 1997;30:1527–33.
9. Jones CJ, Raposo L, Gibson DG.
Functional importance of the long axis
J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 7 , N O . 4 , 2 0 1 4 Pepine et al.
A P R I L 2 0 1 4 : 3 6 2 – 5 Editorial Comment
365dynamics of the human left ventricle.
Br Heart J 1990;63:215–20.
10. Geyer H, Caracciolo G, Abe H, et al.
Assessment of myocardial mechanics
using speckle tracking echocardiogra-
phy: fundamentals and clinical appli-
cations. J Am Soc Echocardiogr 2010;
23:351–69.
11. Wang J, Khoury DS, Yue Y, Torre-
Amione G, Nagueh SF. Preserved left
ventricular twist and circumferential
deformation, but depressed longitudi-
nal and radial deformation in patients
with diastolic heart failure. Eur Heart J
2008;29:1283–9.
12. Camici PG, Prasad SK, Rimoldi OE.
Stunning, hibernation, and assessment
of myocardial viability. Circulation
2008;117:103–14.
13. Vlachopoulos C, Xaplanteris P,
Alexopoulos N, et al. Divergent effects
of laughter and mental stress on arterial
stiffness and central hemodynamics.
Psychosom Med 2009;71:446–53.
14. Nichols WW, Denardo SJ,
Johnson BD, Sharaf BL, Bairey
Merz CN, Pepine CJ. Increased wave
reﬂection and ejection duration in
women with chest pain andnonobstructive coronary artery disease:
ancillary study from the Women’s
Ischemia Syndrome Evaluation.
J Hypertens 2013;31:1447–55.
15. Fokkema DS, VanTeeffelen JW,
Dekker S, Vergroesen I, Retsma JB,
Spaan JA. Diastolic time fraction as a
determinant of subendocardial perfu-
sion. Am J Physiol Heart Circ Physiol
2005;288:H2450–6.
16. Guelen I, Mattace-Raso FU, van
Popele NM, et al. Aortic stiffness and
the balance between cardiac oxygen
supply and demand: the Rotterdam
Study. J Hypertens 2008;26:1237–43.
17. Bruinsma P, Arts T, Dankelman J,
Spaan JA. Model of the coronary cir-
culation based on pressure dependence
of coronary resistance and compliance.
Basic Res Cardiol 1988;83:510–24.
18. Ferro G, Duilio C, Spinelli L,
Liucci GA, Mazza F, Indolﬁ C. Rela-
tion between diastolic perfusion time
and coronary artery stenosis during
stress-induced myocardial ischemia.
Circulation 1995;92:342–7.
19. Pepine CJ, Anderson RD, Sharaf BL,
et al. Coronary microvascular reactivity
to adenosine predicts adverse outcomein women evaluated for suspected
ischemia: results from the National
Heart, Lung and Blood Institute
WISE (Women’s Ischemia Syndrome
Evaluation) study. J Am Coll Cardiol
2010;55:2825–32.
20. von Mering GO, Arant CB,
Wessel TR, et al. Abnormal coronary
vasomotion as a prognostic indicator
of cardiovascular events in women:
results from the National Heart,
Lung, and Blood Institute-Sponsored
Women’s Ischemia Syndrome Evalu-
ation (WISE). Circulation 2004;109:
722–5.
21. Ong P, Athanasiadis A, Mahrholdt H,
Shah BN, Sechtem U, Senior R. Tran-
sient myocardial ischemia during
acetylcholine-induced coronary micro-
vascular dysfunction documented by
myocardial contract echocardiography.
CircCardiovasc Imaging 2013;6:153–5.Key Words: echocardiography -
mental stress–induced ischemia -
tissue Doppler.
